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The Effectiveness of Locomotion Interfaces Depends on
Self-Motion Cues, Environmental Cues, and the Individual
Jonathan W. Kelly* Stephen B. Gilbert†
Iowa State University
ABSTRACT
The proliferation of locomotion interfaces for virtual reality ne-
cessitates a framework for predicting and evaluating navigational
success. Spatial updating—the process of mentally updating one’s
self-location during locomotion—is a core component of naviga-
tion, is easy to measure, and is sensitive to common elements of
locomotion interfaces. This paper highlights three factors that influ-
ence spatial updating: body-based self-motion cues, environmental
cues, and characteristics of the individual. The concordance frame-
work, which characterizes locomotion interfaces based on agreement
between body movement and movement through the environment,
serves as a useful starting point for understanding the effectiveness
of locomotion interfaces for enabling accurate navigation.
Index Terms: Human-centered computing—Human computer
interaction (HCI)—Interaction paradigms—Virtual reality
1 INTRODUCTION
Navigation is rarely the primary task in a virtual environment (VE).
However, successful navigation supports primary tasks. For example,
a prospective real estate buyer, whether touring a home virtually or
in person, must be able to apprehend the spatial layout of the home
in order to determine if it will fit their needs. Disorientation during
the home tour will negatively affect the accuracy of the buyer’s
cognitive map of the home. We propose that navigational success in
virtual reality (VR) depends on the self-motion cues afforded by the
locomotion interface, environmental cues available in the VE, and
characteristics of the individual navigator.
The research described herein focuses on spatial updating, which
is a core cognitive component of navigation. Spatial updating is
the process of keeping track of self-position and self-orientation
during locomotion. Spatial updating failure is synonymous with
disorientation. More advanced spatial cognitive processes, such as
formation of a cognitive map, depend heavily on spatial updating.
For example, developing a cognitive map of a house requires integra-
tion of separate spaces connected through spatial updating. At the
extreme, if the user is disoriented, then the accuracy of the cognitive
map will suffer severely. But even less extreme disruption of spatial
updating will negatively impact cognitive map accuracy.
2 RELATED WORK
This section highlights several factors that determine whether a
locomotion interface will enable accurate spatial updating.
2.1 Self-motion cues and the concordance framework
There is broad evidence supporting the importance of walking in VR.
For example, physically walking through a VE enhances presence
[11] and reduces disorientation [6, 10] compared to other methods
of locomotion that do not involve walking.
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Walking generates a host of self-motion cues that facilitate spatial
updating. These cues can be categorized as internal self-motion
cues and external self-motion cues. Internal self-motion cues, herein
referred to as body-based cues, are cues internal to the navigator,
including vestibular stimulation caused by linear and angular acceler-
ations, proprioceptive cues from movement of limbs and joints, and
efferent copies of signals generated by motor cortex. External self-
motion cues are provided by optic flow and acoustic flow, defined as
changes to the visual or acoustic array as a result of self-motion. Vec-
tion, or illusory self-motion, can occur When external self-moction
cues are presented in the absence of internal self-motion cues.
Navigation research indicates that body-based cues play an out-
size role in spatial updating. In one study [6], participants completed
a triangle completion task in which they traveled to two waypoints
before attempting to return to the path origin. Visual self-motion
alone led to poor performance. Inclusion of body rotation at the
waypoints led to performance equivalent to full walking. In another
study [10], participants performing a virtual foraging task became
disoriented without translational and rotational body-based cues.
Although these studies disagree on the sufficiency of rotational cues,
they agree on the importance of body movement for spatial updating.
Although real walking is possible in most modern VR systems,
physical space limitations necessitate the use of a locomotion in-
terface to explore all but the smallest VEs. Locomotion interfaces
necessarily modify or eliminate self-motion cues in order to allow
exploration of VEs beyond the tracked physical space. Given the
importance of body-based self-motion cues to spatial updating, the
concordance framework [2] (Figure 1) was developed to describe
locomotion interfaces based on the extent to which body movement
is concordant with movement through the VE.
Concordant Partially Concordant Discordant
Figure 1: Examples illustrating the concordance framework for lo-
comotion interfaces [2]. Walking (left) is concordant because body
movement is consistent with movement through the VE. Teleporting to
translate but using the body to rotate is partially concordant (middle).
Teleporting to translate and rotate (right) is discordant, because the
body is static during translations and rotations through the VE.
Concordant interfaces are those in which body movement is con-
sistent with movement through the VE. Walking is the quintessential
concordant interface. Partially concordant interfaces are those in
which movement of the body is partially consistent with movement
through the VE. An excellent example is the teleporting interface in
which translation is achieved by teleporting but rotation is achieved
by body rotation. Discordant interfaces are those in which body
movement is uncoupled from movement through the VE. Joystick
locomotion is a good example of a discordant interface because the
user’s body is stationary during locomotion through the VE.
Research on variations of the teleporting interface supports the
constructs defined by the concordance framework. Using the tri-
angle completion task to measure spatial updating, performance
is best when walking (concordant interface), worst when teleport-
ing to translate and rotate (discordant interface), and in between
when teleporting to translate and using the body to rotate (partially
concordant) [2, 4]. Furthermore, cognitive maps are more accurate
after exploring through partially concordant teleporting compared to
discordant teleporting [7].
The concordance framework is a starting point for understanding
how locomotion interfaces affect navigation. A more complete un-
derstanding requires further research on how specific locomotion
interfaces affect core navigation tasks such as spatial updating. For
example, the finding that arm-swinging [8] increases spatial updat-
ing accuracy suggests that the concordance framework should be
expanded to include arm movements. Careful research is needed
to determine whether other interfaces that involve body movement,
such as stepping in place [12] or even finger walking [5], convey
benefits for spatial updating. Redirected walking [9] involves full
body movement, but whether this leads to accurate spatial updating
should determine its place in the concordance framework.
2.2 Environmental cues
Environmental cues can mitigate navigational deficiencies associ-
ated with partially concordant and discordant locomotion interfaces
through a process known as piloting: navigation based on visible
landmarks. For example, a recognizable university building provides
an instantaneous position and orientation fix, which can correct for
spatial updating errors that would otherwise accumulate over time.
In one study [2], triangle completion performance within a re-
alistic classroom VE was superior to that within an open field VE,
but the benefits of the classroom piloting cues were moderated by
the locomotion interface, with the greatest benefit associated with
a discordant teleporting interface, a smaller benefit associated with
a partially concordant teleporting interface, and no benefit associ-
ated with walking. Surprisingly, benefits were only associated with
spatial boundaries, such as walls or a fence, and not with landmarks
scattered within the VE. Further research is needed to identify the
specific types of environmental cues that are useful for mitigating
disorientation caused by interface discordance.
2.3 Individual differences
The effectiveness of a locomotion interface also depends on char-
acteristics of the individual. A recent study [1] explored individual
differences using a triangle completion task with three interfaces:
walking, partially concordant teleporting, and discordant teleporting.
The task was conducted in an empty field VE and a classroom VE.
Three groups of participants emerged. All groups performed well
when walking. One group performed especially poorly when tele-
porting, and barely benefited from the classroom piloting cues. A
second group also performed poorly when teleporting in the field,
but improved considerably in the classroom. A third group did quite
well overall and improved in the classroom compared to the field.
Groups differed along several dimensions, including gender and
video game experience, but only perspective-taking ability distin-
guished all the three groups. These results highlight the importance
of predicting the effectiveness of locomotion interfaces for individ-
ual users. A future goal is to make interface recommendations to
users based on their individual abilities and experiences.
3 CONCLUSIONS
Navigational success in VR depends on the self-motion cues afforded
by the interface, environmental cues in the VE, characteristics of
the individual navigator, and interactions between those variables.
Research should expand by exploring interfaces that include body
movements such as stepping, leaning, and arm movements, going be-
yond basic walking and body rotation. The concordance framework
could provide a useful taxonomy to distinguish interfaces presented
within the Locomotion Vault [3]. Furthermore, research on the in-
teraction between locomotion interfaces and piloting cues should
identify the critical features of useful environmental cues. For exam-
ple, if boundaries are essential, what defines a boundary? Finally,
longitudinal research should explore how user experience impacts
navigation. Does interface training and experience lead to superior
spatial updating? If so, do such benefits transfer to novel interfaces?
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